Introduction {#s1}
============

Garlic (*Allium sativum*) is used since centuries as a condiment to refine the taste of dishes. However, garlic intake is often followed by a change in body odor, being commonly recognized in breath ([@B1]), sweat ([@B2]) but also in human milk ([@B3]--[@B5]). Besides its typical aroma, garlic is also known for its beneficial health properties, including antimicrobial and immunostimulating effects, protective effects against cancer and reduction of the risk of cardiovascular diseases ([@B6]). The health promoting effects as well as the impact on the body odor are mostly associated with the organosulfur compounds being major constituents of garlic, like the thiosulfinate allicin and its various degradation products (e.g., diallyl disulfide, diallyl trisulfide, ajoene) ([@B7]--[@B10]). However, food components, including volatiles, can be strongly modified by metabolism and biotransformation processes within the human body ([@B11]--[@B13]). Recent research has shown, that such transformations of aroma substances are not only limited to the liver but can already take place within the gastrointestinal tract ([@B14]) or during absorption processes ([@B15]). This can either lead to a loss of the respective bioactivity but can also result in the formation of newly generated bioactive compounds. In our previous studies, we identified three garlic-derived metabolites, namely allyl methyl sulfide (AMS), allyl methyl sulfoxide (AMSO), and allyl methyl sulfone (AMSO~2~) in human milk as well as in urine ([@B5], [@B16]). Based on these observations, the aim of the present study was to quantify these metabolites in human urine, specifically to characterize differences in the metabolite excretion between different test persons, and to monitor their temporal development over the course of excretion within a time period of up to 24 h. To allow for better comparison between individuals, test persons consumed portions of one garlic bulb in each case, and urine profiles were tested in parallel.

Materials and Methods {#s2}
=====================

Chemicals
---------

Ammonium chloride (NH~4~Cl), dichloromethane (DCM), sodium chloride (NaCl), and anhydrous sodium sulfate (Na~2~SO~4~) were purchased from VWR (Darmstadt, Germany). DCM was freshly distilled prior to use. The reference substances AMS and AMSO~2~, creatinine, disodium hydrogen phosphate (Na~2~HPO~4~), sodium sulfite (NaSO~3~) and urea were obtained from Aldrich (Steinheim, Germany). The reference standard AMSO as well as the isotopically labeled standards ^2^H~3~- AMS, ^2^H~3~-AMSO, and ^2^H~3~-AMSO~2~ were supplied by Aromalab (Freising, Germany). Garlic (white garlic, origin: Spain) was purchased from local supermarkets (Aldi-Süd, Erlangen, Germany or Rewe, Freising, Germany), whereas the creatinine kit was from Labor+Technik Eberhard Lehmann GmbH (Berlin, Germany).

Human Urine Samples
-------------------

Human urine samples were obtained from 18 volunteers (age 22--38 years, mean 27 years; 11 females, 7 males); thereby, one volunteer conducted the whole experimental series twice. At the time of examination, volunteers reported no known illness that might have potentially influenced the metabolism or the excretion of urine. The test persons were instructed to avoid foods that were rich in sulfur-containing substances at the testing day as well as 2 days preceding the testing day, namely garlic, onion, wild garlic, chives, cabbage, and leek, and were only allowed to consume the garlic sample provided in the course of the experiments. Additionally, subjects were asked to keep records of the food (including food supplements) and beverages they consumed during these 3 testing days. Generally, the overall panelists\' requirements were in accordance with our previous studies ([@B5], [@B16]).

On the sampling day, the outer garlic cloves of a whole garlic bulb were peeled and cut into \~3 mm cubes by using a garlic cutter (Genius GmbH, Limburg/Lahn, Germany). Subsequently these cubes were thoroughly mixed and aliquoted into 3 g portions. Three to four test persons conducted the experiment at the same day. Each test person was asked to ingest a garlic portion of 3 g. In total, eight consecutive urine samples were provided by each test person, comprising one whole urine set. The samples were collected in sterile brown glass bottles, with sampling times as follows: one sample was provided directly prior to garlic consumption. The series of the second to eighth sample was then obtained at about 0.5, 1, 2, 4, 6, 8, and 24 h after garlic consumption, respectively. Between the first urine sample (prior to garlic consumption) and the seventh urine sample (8 h after garlic consumption) test persons only spent urine at the specific time points mentioned before. Another sample was provided at the next morning (24 h after garlic consumption). Between the samples provided 8 and 24 h after garlic consumption no urine was collected. All samples were immediately placed into a −80°C freezer and were kept frozen until further analysis.

The samples of each set were termed according to their sampling time. The following list provides the time intervals that are related to the respective sample name: - *pre*: before garlic consumption- *0.5 h post*: 0.4--0.8 h after garlic consumption- *1 h post*: 0.9--1.3 h after garlic consumption- *2 h post*: 1.8 h−2.2 h after garlic consumption- *4 h post*: 3.8--4.4 h after garlic consumption- *6 h post*: 5.8--6.4 h after garlic consumption- *8 h post*: 7.8--8.4 h after garlic consumption- *24 h post*: 23.8--25.6 h after garlic consumption

The first sample of each set was tested with a dipstick-test, the multiple test stripes "Combi-Screen PLUS" (Analyticon Biotechnologies AG, Lichtenfels, Germany), to check the health status of each test person, allowing for simultaneous testing of ascorbic acid, bilirubin, blood, glucose, ketones, leucocytes, nitrite, pH, protein, specific gravity/density, and urobilinogen in the respective urine samples.

Determination of the Creatinine Concentration in Urine Samples
--------------------------------------------------------------

A creatinine kit (Labor+Technik Eberhard Lehmann GmbH, Berlin, Germany) was used to determine the creatinine content in each urine sample. The determination principle of this kit is based on the reaction of creatinine with picric acid under basic conditions (Jaffé reaction). The formed complex was detected photometrically at a wavelength of 492 nm.

Solvent Assisted Flavor Evaporation (SAFE) of Volatiles From Human Urine
------------------------------------------------------------------------

For quantification purposes, the deuterated standards ^2^H~3~-AMS, ^2^H~3~-AMSO, and ^2^H~3~-AMSO~2~ were added to the sample and stirred for 10 min. Subsequently, DCM was added in a ratio of 1:2 (DCM/human urine; v/v) and this solution was stirred for further 30 min at room temperature. To isolate the volatile fraction from the urine samples we then applied SAFE-distillation ([@B17]), thereby distilling the respective samples at 50°C. After completion of the distillation process, 10 mL of DCM were applied in each case to rinse the SAFE apparatus and to ensure complete transition of the volatile compounds. This process was repeated with another 10 mL of DCM. After thawing, the obtained aqueous distillate phase was extracted three times with 25 mL DCM. The organic phases were combined, dried over anhydrous Na~2~SO~4~ and concentrated to a total volume of 100 μL by means of Vigreux distillation and subsequent micro-distillation at 50°C.

High Resolution Gas Chromatography-Mass Spectrometry (HRGC-MS)
--------------------------------------------------------------

GC-MS analysis was performed with an Agilent MSD quadrupole system (GC 7890A and MSD 5975C, Agilent Technologies, Waldbronn, Germany) equipped with a GERSTEL MPS 2 auto sampler and a GERSTEL CIS 4 injection system (GERSTEL, Duisburg, Germany). A DB-FFAP (30 m × 0.25 mm, film thickness 0.25 μm, Agilent J&W Scientific, Santa Clara, CA, USA) was used as analytical capillary. An uncoated, deactivated fused silica capillary (2--3 m × 0.53 mm) was used as pre-column. This capillary was changed regularly to avoid accumulation of impurities. A further uncoated fused silica capillary (0.3--0.6 m × 0.25 mm) was used as a transfer line into the MS. Carrier gas was Helium at a flow rate of 1.0 mL/min. Mass spectra were recorded at 70 eV in Selected Ion Monitoring (SIM)-mode (cf. [Table 1](#T1){ref-type="table"}) for quantification. To verify the identity of the compounds, their mass spectra were additionally recorded in full scan mode (mass-to-charge ratio (*m/z*) range 30--350). The following temperature program for the oven was used: 40°C was held for 7 min. This temperature was raised to 240°C at a rate of 8°C/min. The final temperature was held for 8 min. Injection volume was 2 μL. The sample was applied with the auto sampler using the cold-on-column technique ([@B18])

###### 

Parameters of the quantification method including the instrument which was used for measurement, selected ions of analytes, and isotopically labeled standards and calibration factors.

  **Instrument**   **Analyte**   **Standard**   **Calibration function**   ***R*^**2**^**                        
  ---------------- ------------- -------------- -------------------------- ---------------- -------------------- --------
  GC-GC-MS         AMS           88             ^2^H~3~- AMS               91               y = 0.9386x−0.0153   0.9994
  GC               AMSO          104            ^2^H~3~- AMSO              107              y = 0.9883x+0.0062   0.9999
  GC               AMSO~2~       120            ^2^H~3~- AMSO~2~           123              y = 0.9935x+0.0264   0.9999

Two-Dimensional High Resolution Gas Chromatography-Mass Spectrometry/Olfactometry (HRGC-GC-MS/O) (Heart-Cut)
------------------------------------------------------------------------------------------------------------

For quantification of AMS a two-dimensional GC-MS system was applied. The system consisted of two Agilent 7890 B GCs coupled with an Agilent 5977 B MS (Agilent, Waldbronn, Germany). The system was equipped with a GERSTEL MPS 2 auto sampler and a GERSTEL CIS 4 injection system (GERSTEL, Duisburg, Germany). A multi-column switching system μMCS was installed in the first GC and both GCs were connected via a cryogenic-trap system CTS 1 (both: GERSTEL, Duisburg, Germany). DB-5 (30 m × 0.32 mm, film thickness 0.25 mm; Agilent J&W Scientific, Santa Clara, CA, USA; first oven) and DB-FFAP (30 m × 0.32 mm, film thickness 0.25 mm; Agilent J&W Scientific, Santa Clara, CA, USA; second oven) were used as analytical capillaries. An uncoated, deactivated fused silica capillary was used as pre-column (2--3 m × 0.53 mm) as described previously. Helium was used as carrier gas at a constant flow rate of 2.5 mL/min in the first GC and 1.0 mL/min in the second GC. With the help of the μMCS, the effluent was split in the first oven between a flame ionization detector (FID) and an olfactory detection port (ODP 3, GERSTEL), as well as a cryotrap during cut intervals. In the second oven the effluent was split between an ODP and the MS by using a Y-splitter. All split capillaries were made of uncoated, deactivated fused silica material. The FID and both ODPs were held at 250° and 270°C, respectively. Mass spectra were recorded at 70 eV in full scan mode (*m/z* range 30--100) as well as in SIM-mode (cf. [Table 1](#T1){ref-type="table"}). 2 μL of the sample were injected on-column using the auto sampler. The temperature programs were as follows: starting temperatures were 40°C for both GCs. In the first GC this temperature was held for 8 min, in the second oven for 7 min. Thereafter it was raised to 300°C in the first oven and to 240°C in the second oven at a rate of 20°C/min. The final temperatures were held for 5 min. The transfer line between first and second oven was kept at 250°C, and during cut intervals it was cooled down to −100°C with liquid nitrogen.

Quantification by Stable Isotope Dilution Assay (SIDA)
------------------------------------------------------

In pretest studies the amounts of AMS, AMSO and AMSO~2~ in urine samples after garlic ingestion were evaluated (data not shown). The respective isotopically labeled standards were dissolved in DCM and added to the urine samples collected before and after garlic ingestion according to the expected amounts based on these precedent trials. The mixture was worked up as described above. Quantification of AMSO and AMSO~2~ was performed by GC-MS analyses in SIM mode. The *m/z*-ratios 104 + 107 and 120 + 123 were selected for analysis of AMSO and AMSO~2~ and their respective labeled analogs. The quantification of AMS was carried out by GC-GC-MS analysis in SIM mode. The selected *m/z*-ratios for AMS and its labeled standard were 88 and 91. For quantification of the garlic-derived metabolites calibration curves were prepared consisting of defined mixtures of analyte standards and their respective isotopic labeled standards (w/w; AMS/ ^2^H~3~-AMS: 1:10, 1:5, 1:3, 1:2, 1:1, 2:1; AMSO/^2^H~3~-AMSO and AMSO~2~/^2^H~3~-AMSO~2~: 1:10, 1:5, 1:2, 1:1, 2:1, 3:1, 5:1). Calibration curves were calculated as functions of the intensity ratios of standard to labeled standard and their respective mass ratios (cf. [Table 1](#T1){ref-type="table"}). Calibration curves were prepared in triplicates, and at three different days. For quantification the average of these calibration curves was used. With the resulting calibration function, the known amount of isotopic labeled standard that was added to the sample, and the intensity ratio of analyte to isotopic labeled standard, the amount of the analyte in the sample was calculated.

Calculation of Metabolite Profiles
----------------------------------

The concentrations of the metabolites were calculated as μg/kg urine by dividing the calculated amount of the metabolites \[in μg, cf. section Quantification by Stable Isotope Dilution Assay (SIDA)\] by the amount of the respective urine sample (in kg). Additionally, the concentrations were normalized to the creatinine content of the respective urine sample by dividing the amount of the analyte by the volume of the respective urine sample (in L), which was further divided by the creatinine concentration of the respective sample (in mmol/L). As a result, the dilution effects attributed to different water intake of the test persons does not influence the absolute obtained excretion profile of the metabolites so that the excretion profiles of different test persons can be directly compared.

Determination of the Limits of Detection (LOD) and Quantification (LOQ)
-----------------------------------------------------------------------

LOD and LOQ were determined according to the calibration line method described in DIN 32645. To ensure consistent conditions for the analyses of LOD and LOQ, synthetic urine instead of human urine was used. The formula of the synthetic urine was described by Mayrovitz and Sims ([@B19]). Unlabeled and labeled reference compounds were added to the synthetic urine in the concentration range of LOD and LOQ. Subsequently the samples were worked up as described above (cf. section Solvent Assisted Flavor Evaporation (SAFE) of Volatiles From Human Urine) and analyzed by means of GC-MS and GC-GC-MS as described in sections High Resolution Gas Chromatography-Mass Spectrometry (HRGC-MS) and Two-Dimensional High Resolution Gas Chromatography-Mass Spectrometry/Olfactometry (HRGC-GC-MS/O) (Heart-Cut). As the provided urine samples were highly variable with regard to their volume (19--50 mL), LOD, and LOQ were calculated as absolute amounts (in ng).

Results {#s3}
=======

The volatile garlic-derived metabolites were quantified in human urine after test persons consumed a defined amount of raw garlic (3 g) in order to characterize the metabolism and excretion processes of volatile garlic components in humans. The target metabolites, namely AMS, AMSO, and AMSO~2~, had been identified in our previous study when comparing urine samples collected before garlic consumption with urine samples collected after garlic consumption ([@B16]). In the current study, these garlic-derived metabolites were quantified in urine samples from different subjects collected over a time period of about 24 h. In the majority of cases these metabolites were only detected in samples that were gathered after garlic consumption. Only in a few cases (U*rine III, VII, VIII, XI, XII, XVI*, and *XVII*) they were also present in samples collected prior to garlic intervention, however only small amounts were detected in these cases (AMS ≤ 0.2 μg/mmol creatinine, AMSO ≤ 1.4 μg/mmol creatinine, AMSO~2~ ≤ 2.6 μg/mmol creatinine). Presumably, these test persons consumed foods during the wash out phase that contained sulfur-bearing constituents such as garlic or onion. Based on these observations, the food protocols of all participating test persons were checked. According to the food protocols of the test persons providing U*rine III, VII, VIII, XI, XII, XVI*, and *XVII*, they reported that they had consumed foods from restaurants, like roasted pork leg, lamb meat, doner kebab, filled pepper, stir-fried vegetable, or an arabic soup, but no food supplements. These foods can be assumed to have contained onion or garlic ingredients for seasoning, which might explain the presence of the metabolites in the respective control urine samples. However, as the test persons stayed at the institute at the sampling day, the consumed food of the test persons was controlled in this period of time, ensuring no additional entry of garlic sources, besides the garlic administered within the frame of the intervention. Despite the presence of AMS, AMSO, and AMSO~2~ in the control urine samples, we observed distinct increases in the subsequent samples collected after garlic intake.

The concentrations of the metabolites were calculated in μg/kg urine and in μg/mmol creatinine. The highest concentrations of AMS, AMSO and AMSO~2~ in a series of urine samples after garlic consumption varied in a range from 0.5 to 2.5 μg/kg urine, from 77.0 to 423.9 μg/kg urine, and from 75.1 to 367.0 μg/kg urine, respectively. As the metabolite concentration in urine depends on the water intake of the test person, the concentrations of AMS, AMSO, and AMSO~2~ were normalized to the creatinine content of the respective urine samples. Thereby, the normalized concentrations of the metabolite maxima ranged between 0.3 and 2.4 μg/mmol creatinine (AMS), 27.6 and 344.1 μg/mmol creatinine (AMSO), and between 32.1 and 284.7 μg/mmol creatinine (AMSO~2~), roughly comprising one order of magnitude in each case. Apart from these variations in the concentration range, the temporal appearance of the highest metabolite concentration differed to some extent between the individual urine sets. In most cases (17 out of 19 urine sets) the highest normalized AMS concentration was detected 1 or 2 h after garlic consumption. Only in one case (*Urine VIII*) the highest AMS amount was already detected 0.5 h after garlic ingestion, whereas in *Urine XVI* the highest AMS concentration was only detected 4 h after garlic consumption. The highest determined amounts of AMSO and AMSO~2~ were observed between 1 and 2 h after garlic ingestion in the urine samples with the sole exception of *Urine XVI* where the maximum of AMSO~2~ was observed as late as 4 h after garlic intake. In relation to the maximum of AMSO, the maximum of AMSO~2~ either appeared correspondingly at the same time point (as was the case for 14 urine sets), or with a temporal delay, namely in the subsequent sample (as was the case for 5 urine sets). Even 8 h after garlic consumption all metabolites were still present in quantifiable amounts in all samples, which means that all metabolites were above their respective LOQ (LOQ (AMS): 7.6 ng, LOQ (AMSO): 77.4 ng, LOQ (AMSO~2~): 78.6 ng). Only about 24 h after garlic consumption the metabolite concentrations in urine were reduced to traces in most of the urine sets. In the case of these samples the amounts ranged roughly between the LOQ and the LOD \[LOD (AMS): 1.6 ng, LOD (AMSO): 22.0 ng, LOD (AMSO~2~): 22.4 ng\]. The results are summarized in [Figure 1](#F1){ref-type="fig"} (metabolite concentration in μg/kg urine: [Figure 1A](#F1){ref-type="fig"}; metabolite concentration in μg/mmol creatinine: [Figure 1B](#F1){ref-type="fig"}).

![Box plot (mean value, markers at minimum and maximum metabolite concentration, box perc. 25--75%) of garlic-metabolite (AMS, AMSO, and AMSO~2~) concentrations in human urine, expressed as μg/kg **(A)** and μg/mmol creatinine **(B)**. Data compiles 18 urine sets. The term "pre" relates to the urine samples that were collected before garlic consumption. "0.5 h post" -- "24 h post" relate to the urine samples that were collected after garlic intake.](fnut-06-00043-g0001){#F1}

For better visualization representative time-resolved metabolite profiles of AMS, AMSO and AMSO~2~ are displayed in [Figure 2](#F2){ref-type="fig"} for four different test persons who conducted the experiment at the same day (*Urine XIII, Urine XIV, Urine XV*, and *Urine XVI*). Despite the fact that all test persons consumed 3 g of garlic that was taken from the same chopped and mixed garlic bulb, thereby ensuring that the composition of the garlic sample was comparable, we observed distinct differences in the metabolite profiles between samples. In these cases, the highest detected AMS concentrations of each sample series were 0.3 μg/mmol creatinine (*Urine XIII*), 0.4 μg/mmol creatinine (*Urine UIV*), 1.0 μg/mmol creatinine (*Urine XV*), and 0.3 μg/mmol creatinine (*Urine XVI*). Accordingly, the concentrations of the AMS maxima showed a variation by a factor of up to 3.2 between the individual test persons. Regarding AMSO the highest concentrations were 87.7 μg/mmol creatinine (*Urine XIII*), 84.7 μg/mmol creatinine (*Urine XIV*), 150.4 μg/mmol creatinine (*Urine XV*), and 50.1 μg/mmol creatinine (*Urine XVI*), yielding a variation factor of up to 3.0 between urine sets. Finally, in case of AMSO~2~, the concentrations were 58.5 μg/mmol creatinine (*Urine XIII*), 60.1 μg/mmol creatinine (*Urine XIV*), 83.1 μg/mmol creatinine (*Urine U XV*), and 37.19 μg/mmol creatinine (*Urine XVI*) corresponding to a factor of 2.2 between the highest and lowest concentration. Furthermore, differences in the temporal profiles of metabolite excretion were observed in these cases. In the cases of *Urine XIII* and *Urine XV* the concentration of each metabolite increased rapidly after garlic consumption and after reaching the maximum about 1 h (*Urine XIII*) or 2--4 h (*Urine XV*) after ingestion of garlic, the excreted metabolite concentration decreased continuously. In contrast to this, the sample sets of *Urine XIV* and *Urine XV* exhibited two maxima for each metabolite. The first maximum was observed in each case between 1 and 2 h after garlic consumption, whereas the second maximum was observed about 6 h after garlic consumption. With regard to the other samples, that are not visualized here, similar differences were observed for all test persons, regardless whether they conducted the experiment on the same day with garlic samples obtained from the same garlic bulb or on different test days. Consequently, the observed differences in metabolite profiles cannot be attributed to variations in the garlic samples only, but are obviously additionally linked to the individual physiological processes of the subjects. A compilation of all investigated urine samples, including time of urine sampling, mass (g), volume (mL), and creatinine content (mmol/L) as well as the concentrations of AMS, AMSO, and AMSO~2~ in μg/mL and μg/mmol creatinine are provided in the [Table S1](#SM1){ref-type="supplementary-material"}.

![Time-resolved metabolite profiles of AMS, AMSO, and AMSO~2~ of four test persons (*Urine XIII, Urine XIV, Urine XV, Urine XVI*). All four test persons consumed a garlic sample from the same garlic bulb. Time 0 h corresponds to the time of garlic intake. (![](fnut-06-00043-i0001.jpg)) AMS; (![](fnut-06-00043-i0002.jpg)) AMSO; (![](fnut-06-00043-i0003.jpg)) AMSO~2~. Broken line: time interval, when no sample was collected.](fnut-06-00043-g0002){#F2}

Discussion {#s4}
==========

In our previous study ([@B20]) we quantified volatile garlic-derived metabolites in human milk; there, mothers consumed 3 g of raw garlic, which is in correspondence with the present study. However, the concentrations determined in the current study for urine were about twice as high in case of AMSO~2~ and about three times as high in case of AMSO. Only AMS revealed comparable excretion levels in both media. These findings generally agree with the fact that water soluble compounds are primarily excreted via urine ([@B21]) as AMSO and AMSO~2~ are more polar than AMS. Accordingly, it is likely that urinary excretion is preferred to the excretion via human milk. Regarding the temporal progress of the excretion only a limited comparison is possible. Since milk samples need to be provided according to the established lactation routine of the nursing mothers in order to not disturb the lactation rhythm, the sampling times are often not comparable. Yet, the highest concentrations of garlic-derived metabolites were usually detected in the first milk sample after garlic consumption, which corresponds to a time window of about 1--3 h after garlic intake. Likewise, a maximum was observed in case of the urine samples about 1--2 h after garlic consumption, demonstrating corresponding kinetics.

As described in our previous studies on the identification of garlic-derived compounds in human milk and urine, the detected thio compounds are likely to originate from allicin ([@B5], [@B16]). Allicin itself is formed from alliin, an odorless S-allyl-L-cysteine sulfoxide, due to the action of the enzyme *alliinase* after disruption of the cell structure ([@B22]). Allicin can be further converted into various compounds, e.g., dithiins, sulfides, polysulfides, and ajoenes ([@B23], [@B24]). As shown by Lawson and Wang ([@B25]) they can react with cysteine that is present in the intestinal tract and form S-allylmercaptocysteine. However, there is also evidence that S-allylmercaptoglutathione is formed on the basis of glutathione, either due to an enzymatic conjugation with diallyl disulfide or due to a non-enzymatic reaction with allicin ([@B26]). In both cases allyl mercaptan is formed subsequently. Allyl mercaptan can be methylated which leads to the formation of AMS.

Studies performed by Lawson and Wang ([@B27]) confirmed that compounds comprising a dithioallyl-group (e.g., allicin, diallyl disulfide, and ajoene) as well as AMS itself are transformed within the human body to AMS with allyl mercaptan as a precursor. However, an accumulation of this precursor was not expected due to a rapid methylation. In the current study we could confirm the formation of AMS. Furthermore, we could demonstrate that AMS is accompanied by AMSO and AMSO~2.~ These findings are also in agreement with a previous study where authors identified AMSO and AMSO~2~ in rat urine and plasma after administration of diallyl disulfide ([@B28]).

The fate of garlic compounds that do not comprise a dithioallyl group, which is the case for diallyl sulfide or dithiins, is not yet fully resolved. Lawson and Wang ([@B27]) suggested diallyl sulfone as a metabolite for diallyl sulfide. This compound has been identified in rats after administration of diallyl sulfide ([@B29]). However, in our previous studies we could exclude the presence of this metabolite in human urine and human milk ([@B5], [@B16]), and again confirmed this finding in the present study. It is possible that diallyl sulfide is transformed to less volatile metabolites, such as glutathione or acetyl-conjugates ([@B30], [@B31]) and hence not detectable with the methods used in this study. Likewise, this could be the metabolic fate of the dithiins.

The current study aimed at quantifying volatile garlic-derived metabolites in human urine over a time interval of up to about 24 h. As a result it could be concluded that the impact of garlic on human urine composition differed between test persons. The variations included differences in the concentrations as well as differences in the temporal excretion pattern of the excreted metabolites. These findings are shown exemplarily in the time-resolved metabolite profiles of four test persons (*Urine XIII*- *XVI*) (cf. [Figure 2](#F2){ref-type="fig"}). Although all test persons consumed garlic samples of the same garlic bulb, distinct differences in their metabolite profiles were observed. In this way it could be ruled out, that the variations between the test persons originated from different garlic composition. Possible reasons for the observed differences in excreted metabolite concentrations could comprise, amongst others, differences in the absorption processes that can be influenced by e.g., the individual resorptive area and the blood circulation and transport mechanisms therein. Amongst others, previous studies of our group could show that chemosensorially active compounds can be strongly biotransformed in the gastrointestinal tract, and even at the resorptive sites ([@B14], [@B15], [@B32]). Enzymes that are involved in the metabolism of garlic constituents could further exhibit genetic polymorphisms or differential expression rates which could lead to different plasma concentrations and therefore also urine concentrations; this has been reported for several enzymes responsible in drug metabolism ([@B33]). Moreover, we observed different temporal excretion pattern. In particular we observed maxima for AMS, AMSO, and AMSO~2~ that commonly occurred about 1--2 h after garlic ingestion. However, in some cases there was a second maximum additionally about 6--8 h after garlic consumption. This indicates that absorption and metabolism processes may take place at different sites in the human body. The rapid detection of garlic-derived metabolites in the urine samples already 0.5--1 h after garlic ingestion suggests an early uptake of garlic constituents. Although foods are primarily crushed in the oral cavity, which is the first step in digestion, the oral cavity might already be the first stage along the gastro-intestinal tract to absorb some of the food components. Such effects have been observed in case of drugs ([@B34], [@B35]). In case of volatiles, which are addressed in the present study, an absorption via the nasal epithelial cells could also lead to an early metabolite appearance in the urine samples ([@B36], [@B37]). Absorption processes have further been reported in the stomach for different drugs and plant pigments ([@B38], [@B39]). Accordingly, they are not restricted to the small intestine, but can take place throughout the whole gastro-intestinal tract. Apart from that, the storage time of urine in the bladder may further influence the excretion profiles of the compounds. In case of the observed second maximum, for example, it might be the case that due to mixing effects the second increase might become less pronounced in some urine samples compared to others or may even coincide with the first maximum. Regarding the physiological effects of garlic, it is interesting to note, that neither AMSO nor AMSO~2~ are odor-active components ([@B5]), and only AMS comprises a garlic-like aroma ([@B5]). Therefore, AMS might contribute to the changed body odor which is often recognized after garlic consumption. Furthermore, Khatua et al. ([@B40]) recently showed a correlation between AMS and AMSO and cardiac hypertrophy in rats. By increasing the Na^+^/K^+^-ATPase these metabolites attenuated cardiac hypertrophy. Therefore, they could influence the progression of cardiovascular diseases ([@B41]). However, potential effects in humans still remain to be proven.

Conclusion {#s5}
==========

The impact of garlic consumption on human urine composition was investigated. Garlic-derived metabolites, namely AMS, AMSO, and AMSO~2~ were quantified via SIDA over a period of 24 h. Large inter-individual differences were observed, both with regard to the metabolite concentrations and ratios in the urine samples, as well as their excretion kinetics. The highest observed concentrations of AMS, AMSO and AMSO~2~ at the time point when the excretion maximum was reached ranged from 0.3 to 2.4 μg/mmol creatinine, 28 to 344 μg/mmol creatinine, and 32 to 285 μg/mmol creatinine, respectively. Commonly, the highest concentrations were found to occur about 1--2 h after garlic consumption, however for some urine sets a second increase was observed about 6--8 h after garlic consumption. These findings suggest differences in the absorption, distribution, metabolism, and excretion processes of volatile garlic constituents in the human body.
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